As serious side effects affected recent virus-mediated gene transfer studies, novel vectors with improved safety profiles are urgently needed. In the present study, replicationdeficient retroviral vectors based on feline foamy virus (FFV) were constructed and analyzed. The novel FFV vectors are devoid of almost the complete env gene plus the internal promoter -accessory bel gene cassette including the gene for the viral transcriptional transactivator Bel1/Tas. In these Bel1/Tas-independent vectors, expression of the lacZ (b-galactosidase) marker gene is directed by the heterologous, constitutively active human ubiquitin C promoter (ubi). Env-transcomplemented vectors have unconcentrated titers of more than 10 5 transducing units/ml.
Introduction
Although the promise of vector-mediated gene transfer has been recently challenged by serious side effects, this branch of modern molecular medicine has still a great potential for further application. 1 This can, however, be only achieved when present problems are rationally addressed and solved by appropriate innovations. In addition, it is required to design and optimize the most appropriate vector system for a given medical application implicating that in the future diverse viral and nonviral gene delivery systems constitute the toolbox of molecular medicine. Efficacy and safety profiles of each considered vector system will determine whether it will enter preclinical and clinical evaluation and application. 1 Among the currently used viral vectors, retroviruses hold a great, perhaps the greatest promise owing to the stable transduction of target cells. However, the stable integration into the host genome may also lead to unwanted alterations or even oncogenic transformation of the corresponding target cells. 2 Novel retroviral vectors based on primate-and nonprimate foamy viruses (FV) which constitute the Spumavirinae subfamily of the retroviruses have currently been established and intensively examined by us and others. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] For instance, FV vectors based on the human/primate FV allow efficient, stable and long-term transduction of human haematopoietic cells without detectable side effects. 11, 12 FVs are considered to be apathogenic in their natural animal hosts and after zoonotic transmission into humans. 14, 15 Therefore, FV-based vectors offer an advantageous safety profile. 14, 16, 17 Along with this argument, FV DNA integration properties are favourable for safe and stable transduction of target cells and malignant transformation of FV-infected or -transduced cells has never been described. 18, 19 Additionally, replication-competent FFV-based vaccine vectors induce a partially protective immunity against a highly pathogenic challenge virus in cats. 6 In one of our previous studies, we have demonstrated that FFV self-inactivating (SIN) vectors rapidly give rise to replication-competent revertants (RCRs) indicating that additional genetic deletions are required to generate safe vectors. 4 In a following study, we determined that the essential cis-acting sequences required for FFV-based vectors are located upstream and around the gag start codon and inside pol. The env gene turned out to be dispensable for vector function, a characteristic similar to other studied FVs. 9, 20 In order to optimize the vector function, we focus in the present study on the construction and characterization of FFV vectors deleted in env or in almost the whole env-bel genomic region. The bel genes (Figure 1a) encode the viral Bel1/Tas transactivator and Bet that counteracts APOBEC3-mediated host restriction. 21, 22 Importantly, only the env-bel-deleted vectors carrying SIN-deleted long terminal repressor (LTR) promoters turned out to be suited for the safe and long-term transduction of target cells.
Results
We recently showed that (i) FFV SIN vectors rapidly generate RCRs indicating that additional deletions are required to generate safe vectors and that (ii) essential cis-acting sequences required for FFV-based vectors are located upstream and around the gag start codon and within pol. 4, 20 Here, we concentrate on the characterization of env-bel-deleted FFV vectors and those with an additional SIN deletion.
Characterization of env-deleted vectors
We first analyzed FFV env-deleted vectors for titers and long-term transduction efficiencies. For this purpose, the Env-deleted vectors pCF-Bet-GfpDEnv and pCF-Bet-GfpSINDEnv (Figure 1c and d) containing either the intact or the promoter-and TATA-box-deleted FFV SIN-LTR were co-transfected with the Env-expression plasmid pBC-FFV-Env into 293T cells. Vector titers of cell-free supernatants were determined 2 days later using FFV-FAB titration cells. 4, 5 Using 3 mg of pCF-Bet-GfpDEnv or pCFBet-Gfp-SINDEnv plus 3 mg pBC-FFV-Env for cells grown in 6 cm dishes, vector titers of about 10 4 transducing units (TU)/ml were obtained.
We then analyzed whether the env-deleted FFV vectors allow stable, long-term transduction of permissive CRFK cells and whether RCRs are generated upon extended culture of vector-transduced cells. In repeated experiments using CRFK cells transduced by vectors pCF-BetGfpDEnv and pCF-Bet-Gfp-SINDEnv, no RCRs and no cytopathic effects were detectable after at least nine serial passages of transduced cells (data not shown). At the same time, we determined the duration of Gfp expression in order to analyze the stability of marker gene expression. During the first passage, 10% of the transduced cells were positive for Gfp auto-fluorescence. The number of positive cells decreased after the second passage to below 5% and readily declined upon further passages (data not shown).
In summary, env-deleted FFV genomes direct the production of vector particles, which are able to transduce CRFK cells without detectable levels of RCRs. However, these env-deficient vectors do not result in a stable, long-term transduction of target cells.
Particle release depends on Env
We next analyzed protein expression and particle release of pCF-Bet-GfpDEnv in the presence of different amounts of the Env expression construct pBC-FFV-Env. Two days after co-transfection into 293T cells, cell culture supernatants were harvested for preparation of vector particles and cell extracts were analyzed by immunoblotting ( Figure 2 ) using cat 8014 reference serum. We further analyzed whether the amount of released particles correlates with the vector titers as measured with FFV-FAB cell titration. 26 For this purpose, pCF-BetGfpDEnv was co-transfected with decreasing amounts of the Env expression plasmid pBC-FFV-Env. Two days post transfection (p.t.) the vector titers were determined and normalized to co-expressed secreted alkaline phosphatase (SEAP). In line with the immunoblot results (Figure 2 ), the vector titers showed in repeated experiments a clear Env-dependence (Table 1) . With high amounts of Env (5 mg pBC-FFV-Env DNA), vector titers were in the range of the parental replication-competent vector pCF-Bet-Gfp (9 Â 10 4 TU/ml).
Transcomplementation with different Env-expression plasmids
We next analyzed whether the env-deficient provirus pCF-7DEnv derived from the FFV serotype FUV ( Figure  1e ) can be pseudotyped or complemented with the following FV Env proteins: (i) FFV-FUV serotype Env from pCInFUV7Env DNA, (ii) human/primate FV Env from plasmid pCInHFVEnv and (iii) a chimeric FFV Env consisting of the 44 N-terminal residues from FFV-FUV Env and the following 938 amino acids from the FFV serotype 951 from plasmid pCInFFV7/ 951Env. 27, 28 The heterologous human/primate FV Env allowed almost no transduction whereas the chimeric FUV/951 Env resulted in titers two logs lower than the authentic FUV Env from pInFUV7Env or pBC-FFV-Env (10 4 -10 5 FFU/ml). These results show that type-specific interactions between N-terminal Env leader protein sequences and Gag are required as recently proposed although other factors may be also required. 29, 30 We also tested whether FFV particles can be pseudotyped with the vesicular stomatitis virus glycoprotein VSV-G. 31 In repeated experiments, no marker gene transfer using VSV-G-pseudotyped FFV vectors was detectable confirming previous studies using simian/ primate FVs. 24 
Characterization of ubi-lacZ vectors
To increase vector safety and allow insertion of larger foreign genes, additional vector sequences were removed. For this purpose, almost the complete env gene encompassing the internal promoter, the bel1/tas gene and large parts of bet were deleted and replaced by a 4.7 kb marker gene cassette consisting of the constitutively and broadly active human ubiquitin C (ubi) promoter and the lacZ marker gene. 32, 33 Clone pCF-7-ubi-lacZ carries the intact 3 0 -LTR whereas pCF-D-ubilacZ bears the partially deleted but functional U3 promoter. In contrast, pCF-SIN-ubi-lacZ is devoid of any FFV promoter owing to the env and SIN deletions (Figure 1f-h ). In all these clones, pol was left intact whereas in corresponding clones marked by the suffix -SB, the three C-terminal amino acids of Pol were deleted.
To analyze whether the new ubi-lacZ genomes allow efficient production of vector particles, 4 mg of the different vector DNAs together with 2 mg of pBC-FFVEnv were co-transfected into 293T cells. Two days later, vector titers were determined by staining for lacZ expression in the transduced cells. FFV-ubi-lacZ vector titers of 10 4 -10 5 TU/ml were detected independent of whether the LTRs were intact, partially deleted, or SIN-deleted. Titers were similar to those of replicationcompetent vectors.
To analyze viral protein expression and particle release from transfected 293T cells, we performed immunoblot analyses with cell lysates and released particles (Figure 3a) . In cells transfected with 2 mg of the parental clone pCF-7 (Figure 1a) , efficient proteolytic processing of p52
Gag to p48 Gag was detectable (Figure 3a , upper panel, lane 9). In contrast, reduced amounts of the processed Gag-protein p48
Gag were detectable in cells cotransfected with the different ubi-lacZ vectors plus the Figure 2 Immunoblot analysis of cell lysates and particles from transfected 293T cells. 293T cells were transfected with the replication-deficient vector pCF-Bet-GfpDEnv and different amounts of the pBC-FFV-Env expression plasmid as given below the blots. Two days p.t., cells were lysed and particles harvested from the supernatants. Cellular extracts (upper panel) and particles (lower panel) were analyzed by immunoblotting with FFV cat reference serum 8014. 23 The positions of molecular mass markers are shown in kDa at the right hand margin, names of the detected FFV Gag proteins are given at the left hand margin. wt: pCF-BetGfp, mock: non-transfected cells. In summary, the novel FFV ubi-lacZ vectors direct the production of functional vector particles. However, the efficiency of vector protein processing and release is reduced.
Optimization of vector titers
To obtain higher vector titers, we studied the transfection conditions by co-transfection of 2 mg of the vector genome pCF-SIN-ubi-lacZ with different amounts of pBC-FFV-Env and determined the titers 2 days later. As already observed with the env-deleted vectors, the ubilacZ vector-mediated gene transfer is Env-dependent. At least 1 mg pBC-FFV-Env was necessary to obtain vector titers above 10 4 TU/ml. Increasing the amount of Env was in general accompanied by further increased titers (data not shown). Co-expression of the accessory Bet protein 34 in the vector-producing 293T cells did not reproducibly increase vector titers.
We then analyzed whether addition of sodium butyrate (NaB) to the transfected cells does increase the vector titers. For this purpose, NaB was added to the 293T cell medium at a final concentration of 8 mM from 20 to 48 h after co-transfection of pCF-D-ubi-lacZ and pBC-FFV-Env (Figure 3b ). Vector titers were determined using CRFK cells and compared with controls without NaB. In independent experiments and using different DNA concentrations, NaB increased vector titers two to threefold.
Optimization of transduction efficiencies
We next analyzed whether transduction efficiency can be increased by multiple rounds of vector expositions. For this purpose, CRFK cells were transduced with multiplicities of infection (MOI) of 0.1-0.2 either once or repeatedly (up to five times). Transduction rates increased mainly after the second and third consecutive transduction whereas further treatments yielded only minor effects (Figure 3c ). As expected, transductions at high MOI showed only minor increases as already a high percentage of cells had been transduced (data not shown). These data correlate with those for other viral vectors. 35 Thus, multiple transductions may be especially suited for cells with a low sensitivity towards FFV vector transduction or low-concentrated vector stocks.
Long-term transduction with ubi-lacZ vectors
We next analyzed the stability of transgene expression in ubi-lacZ vector-transduced CRFK cells. These cells transduced with the different ubi-lacZ vectors were split twice a week for up to 10 weeks. In regular intervals, parts of the culture were assayed for lacZ expression and the percentage of stained cells was determined. Comparing the initial number of marker gene expressing cells to the final number at the end of the study, in two out of three cases, a two-to threefold reduction of the number of positive cells was apparent. The third study did not show a decline of transduced cells. Vector-derived RCRs were not detected in any of these long-term studies. 
Transduction of different cell types with ubi-lacZ vectors
Finally, diverse human and non-human cells from different organs were assayed for transduction by vectors pCF-7-ubi-lacZ and pCF-SIN-ubi-lacZ. Several of these cells were transduced with high or intermediate efficiency (Table 2) . Cells permissive for FFV replication showed in general also a considerable permissiveness Figure 4 The pCF-SIN-ubi-lacZ vector genome is not reactivated by wt FFV. Vectors pCF-7-ubi-lacZ, pCF-D-ubi-lacZ and pCF-SIN-ubi-lacZ were generated using standard methods and used to transduce CRFK cells at a MOI of 0.3. The transduced cells were super-infected with FFV after the fourth passage. Two days after super-infection, the cell culture supernatants were harvested, cleared by low-speed centrifugation and used to transduce/infect CRFK cells as a reporter culture. As controls, CRFK cells were mock-infected (a), FFV-infected (b) and pCF-SINubi-lacZ-transduced (c). Two days later, reporter and control cultures were fixed and stained for lacZ expression. All reporter cultures (d-f) developed syncytia similar to the FFV-infected control (b). Reporter cultures from pCF-D-ubi-lacZ-and pCF-7-ubi-lacZ-transduced cells (e and f) showed in addition strong nuclear lacZ staining in syncytia and single cells. In contrast, pCF-SIN-ubi-lacZ reporter cells showed syncytia without any evidence for lacZ marker gene transduction (d) similar to the FFV-infected controls (b). As expected, pCF-SIN-ubi-lacZtransduced cells displayed nuclear staining without syncytia induction (c). Images were taken at a 250-fold magnification. The solid arrows mark syncytia and the dashed arrows point to single cells with specifically lacZ-stained nuclei. 
Discussion
In the present paper, we describe the construction and functional characterization of novel replication-deficient retroviral vectors based on the FFV genome. The vectors constructed display a highly advantageous safety profile and are suited for transduction of a broad range of different human and non-human cells. This limited target cell specificity may be even advantageous provided that vector targeting can be achieved by other means (e.g. by direct injection into the tumour) or when this is not strictly required (e.g. in case of ex vivo transduction regimen).
The env-bel-deficient ubi-lacZ vectors are much safer than previous FFV vectors: 4 (i) the generation of RCR has not been detected using these vectors, (ii) ubi-lacZ vectors with the SIN deletion in the LTR are not reactivated by super-infection with wt FFV and (iii) the absence of significant amounts of SIN LTR-directed viral transcripts was confirmed by reverse transcription polymerase chain reaction (PCR)-based expression studies (data not shown). This indicates that the SIN-deleted 5 0 -LTR did not direct expression of genomic vector transcripts. We conclude that also the 3 0 -LTR with the corresponding SIN deletion is transcriptionally silent. Thus, the pCF-SIN-ubi-lacZ vector is unlikely to direct expression of flanking cellular sequences from the viral LTR promoters. With respect to vector safety, the complete inactivation of the SIN LTR in the FFV ubilacZ vectors adds up to the low preference for FV integration into transcribed genes as it is known for lentivirus-based vectors. 18, 19, 36 To further enhance the safety profile of these FFV vectors, it is reasonable trying to avoid run-through transcription from the heterologous ubi promoter and to molecularly characterize the integration site preference of FFV (see also below).
In addition, a scenario of vector reactivation by infection with the parental wt FFV is unlikely considering the application of a feline-derived vector in men, a setting where also a pre-existing immunity against the vector is unlikely. Even when the FFV ubi-lacZ vectors are used during pre-clinical trials in cats (or in the course of cat gene therapy), simple recombination events between the integrated and multiply engineered vector genome and the wt exogenous parental virus are not sufficient for creating RCRs confirming the advantageous safety profile of the FFV env-bel-deficient vectors. The functional characterization of these novel FFV-based vectors in the authentic, immuno-competent and not inbred host, the cat, is challenging but feasible. For instance, we recently showed that replication-competent vectors that are directly related to the replicationdeficient ubi-lacZ vectors are efficient at expressing a heterologous vaccine antigen without any side effects. 6 In order to use the current vectors in animal experiments, we employed the constitutively active human ubi C promoter for transgene expression as this promoter displays long-term activity in several cell types from men and a broad range of animals. 37 In addition, mapping of vector integration sites in the authentic animal model will become possible considering the success of the cat genome sequencing project. 38 Currently, no information is available on the integration site specificity and frequency of FFV in infected or transduced cells. As FV infection is known to induce superinfection resistance and as FFV does not retro-integrate upon infection, we assume that in general a single provirus is integrated per transduced cell. 39, 40 The expected whole cat genome sequence may also explain why the number of marker gene-expressing cells decreased over time as observed in two out of three experiments: vector integration into heterochromatic areas of the genome with the subsequent suppression of transgene expression might be the underlying mechanism. We are currently underway to address this issue by using inhibitors of DNA methylation and by the utilization of alternative reporter genes. Alternatively, the nuclear localized LacZ enzyme expressed by our vectors could have toxic or detrimental effects as discussed recently thus leading to a counter-selection against transduced cells.
41
Our study reveals that not only the closely related FVs of simian and higher primates but also the distantly related FFV cannot be pseudotyped by heterologous surface glycoproteins of different origin. Even the Env protein from the human/primate FV did not allow efficient marker gene transduction, underlining the concept that highly specific Gag-Env interactions are required for proper particle assembly although other reasons cannot be formally excluded. 29, 30 In addition, we did not find a significant effect of Bet on the vector titer, as the 293T cells used for vector production are APOBEC3-deficient and thus, the deaminase-counteracting function of Bet is not required. 22 Additional effects of Bet on FFV vector particle release were not observed in this study.
FV vectors have intrinsic advantages, for example, the high physical and genetic stability, apathogenicity of the parental viruses, capacity for the uptake of larger foreign DNA sequences and reduced dependence on replicating cells. 9 To fully appreciate the potential of the novel FFV ubi-lacZ vectors, improvements in vector production and titer as well as a better understanding of target cell and integration site specificity are required.
Materials and methods

Virus and cells
293T cells and FFV-FAB titration cells were grown as reported previously. 26 Transfection of recombinant DNA into 293T cells was performed by calcium co-precipitation. 42 The infectivity of FFV-derived replication competent vectors and the transduction efficiencies of replication-deficient vectors were assayed using FFV-FAB cells and CRFK cells grown in 24-well plates. 26 To normalize transfection efficiencies of different vector constructs, 1 mg of the SEAP plasmid pCMV-SEAP was co-transfected. 43 Two days later, an aliquot of the supernatant was harvested and SEAP chemoluminescent detection was performed as recommended (Roche, Mannheim, Germany). Vector titers were nor- 4 Transduced cells were serially passaged twice a week and the supernatants were analysed for RCRs by infection of FFV-FAB cells. 4 In parallel, duration of Gfp expression from Gfp transducing vectors was determined by microscopy of the transduced CRFK cultures.
For the transduction of different target cell lines, cells were grown in six-well plates and transduced with 1 ml of vector particle containing cell culture supernatants. Three days after transduction, the efficiency was determined by lacZ staining.
To purify FFV particles, cell culture supernatants from transfected 293T cells were harvested 2 days p.t., and cleared by low-speed centrifugation. Particles were sedimented through 2 ml of 20% (wt/vol) sucrose in phosphate buffer saline (PBS) for 2 h at 28 000 r.p.m in a SW 41 rotor (Beckman, Munich, Germany) and resuspended in protein lysis buffer. 30 
Molecular cloning
To delete the major parts of env (from RNA position 5340 to 7676) without deleting the internal promoter, FFV sequences were amplified in a standard polymerase chain reaction (PCR) with primers 8746S (5 0 -TCAGTC GACTCATCCTGAGTTAACGCGTACGACAGACTGTG GCATACC-3 0 ), which contains a recognition site for SalI (underlined) and 9390AS (5 0 -CAACAATTTTACTGG TATGC-3 0 ) using pCF-Bet-Gfp as template. 4, 5 To obtain the env deleted vectors pCF-7DEnv, pCF-Bet-GfpDEnv and pCF-Bet-Gfp-SINDEnv the vectors pCF-7, pCF-BetGfp and pCF-Bet-Gfp-SIN and the PCR product were digested with SalI and Bsu36I and ligated.
For construction of ubi-lacZ vectors, the plasmid pGem7-ubi-lacZ containing the ubi promoter upstream of the lacZ gene was first constructed. For this purpose, plasmid pGem1nlslacZ was digested with SalI and BamHI to excise the lacZ gene. 33 The ubi promotercontaining plasmid #17.XhoI 32 was digested with XhoI and BamHI and the lacZ gene was inserted downstream of the ubi promoter.
The ubi-lacZ expression cassette was inserted by two slightly different methods into the replication-competent vectors pCF-7 and pCF-DU3 and the replication-deficient vector pCF-SIN. 4, 5 In the first series of ubi-lacZ vectors called pCF-7-ubi-lacZ, pCF-D-ubi-lacZ and pCF-SIN-ubilacZ, the pol gene was left intact and 138 bp of the 5 0 end of env were maintained in the vector genome. The deletion ranges from the Acc65I site (RNA genome position 5383) at the 5 0 end of env to the BamHI site in bel2 about 250 bp upstream of the 3 0 -LTR (RNA genome position 9022). The vector genomes pCF-7, pCF-DU3 and pCF-SIN were digested with Acc65I, blunt ended with Klenow enzyme, and digested with BamHI. The plasmid pGem7-ubi-lacZ was digested with SalI, blunt ended with Klenow enzyme and digested with BamHI. Thereafter, the ubi-lacZ fragment was ligated with the vector genomes.
In the second type of ubi-lacZ vectors called pCF-7-ubi-lacZ-SB, pCF-D-ubi-lacZ-SB and pCF-SIN-ubi-lacZ-SB, the deletion in the vector genome ranges from the SalI site in the 3 0 end of pol (RNA genome position 5323)
to the BamHI site in bel2. In these vectors, the last three codons of pol were deleted and only 79 bp of the 5 0 end of env were maintained. For clonings, plasmid pGem7-ubilacZ and the vector genomes pCF-7, pCF-DU3 and pCF-SIN were digested with SalI and BamHI and the ubi-lacZ cassette was ligated into the vector genomes.
Immunoblot analyses
Transfected cells were harvested by lysis in 1% sodium dodecyl sulphate. Immunoblotting of proteins separated on denaturing gels and detection of specifically bound antibodies by enhanced chemoluminescence was carried out as previously described. 44 Cat 8014 antiserum was used as described previously. 23, 45 
